
The Journal of Clinical Investigation | August 2002 | Volume 110 | Number 3 303

Optimizing hematopoietic stem cell
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Hematopoietic stem cells (HSC) and
progenitors are commonly used to
replace the hematopoietic system in
patients with hematopoietic malig-
nancies, or patients undergoing high
dose chemotherapy. Committed pro-
genitors are responsible for the initial
hematopoietic recovery, whereas the
long-term repopulating HSC is respon-
sible for establishing life-long multi-
lineage hematopoiesis (1). Although
hematopoietic cell transplantations
have been used for several decades, it is
still not fully understood what governs
the different steps required for re-
establishing hematopoiesis. HSCs
must gain access to the bone marrow
(BM) in a process termed homing, take
up residence in the BM, undergo self-
renewing cell divisions to produce a
larger pool of HSCs, and differentiate
to generate more committed progeni-
tors (Figure 1). This is shown most dra-
matically when single mouse HSCs are
transplanted in lethally irradiated
recipients. Multilineage hematopoiesis
can be reconstituted following trans-
plantation of a single HSC, and BM
from these primary recipients can be
transferred to multiple secondary
recipients, demonstrating the impres-
sive ability of the BM microenviron-
ment to induce HSC expansion as well

as differentiation (2). Poor engraft-
ment can result from failure of HSCs
to home to the BM, to survive within
the BM, or to proliferate and differen-
tiate in the BM.

Under steady state conditions, HSCs
reside in the BM among other
hematopoietic cells and non-hemato-
poietic, mesenchymal cells present in
the BM, as well as with more transient
neighbors, such as lymphocytes. The
concerted action of cell-cell interactions
and soluble factors secreted locally or at
a distance regulate HSCs and their
progeny. However, the exact signals that
govern in particular the self-renewal of
HSCs are still not fully understood.

Despite numerous studies testing
the effect of cytokines on HSCs in
vitro and some insights from mouse
genetics, little is known of HSC self-
renewal factors. Several cytokines have
now been identified that, at least in the
whole animal, contribute to HSC
expansion, self-renewal, and mainte-
nance. The first is the c-Kit–ligand
(KL), also termed stem cell factor
(SCF) (3). Most HSCs express c-Kit,
and in vitro KL affects proliferation
and differentiation of primitive pro-
genitors. Spontaneous mutations of
both c-Kit (Steel locus, or Sl) and KL
(white spotted locus, or W) exist in

mice. Homozygous loss of either Sl or
W is embryonic lethal, although some
alleles of Sl, such as Sld, or of W (see
refs. 3 and 4) cause significant defects
in erythropoiesis and mast cell gener-
ation but are compatible with life. In
both mutant animals, careful enumer-
ation of the HSC pool demonstrates
that the number of long-term repopu-
lating HSCs is decreased (5). However,
presence of fetal liver hematopoiesis in
Sl homozygous mutant mice, and per-
sistence of HSC, albeit at reduced lev-
els, in Sl/Sld and viable KL mutant mice
suggests that KL is not the sole
cytokine responsible for HSC prolifer-
ation and maintenance.

The second cytokine cloned with
effects on HSC is the ligand for fetal
liver tyrosine kinase-3 (FL). As with KL,
FL affects proliferation and differenti-
ation of primitive progenitors in vitro.
Animals with a homozygous deletion
of the genes for either FL or its receptor
(Flt3-R) are viable, and only the B-lym-
phoid lineage appears affected (6, 7) by
the low population of HSCs. Crossing
the Flt3R mutation into the Sl/Sld

genetic background yields mice with a
severe decrease in blood counts and
HSCs, leading to early death from
hematopoietic failure. Thus, KL and FL
appear to act in a synergistic manner
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Figure 1
Several factors appear to play a role in the engraftment of hematopoietic stem
cells (HSCs) in the bone marrow (BM). HSC (blue nuclei and cytoplasm) must
gain access to the bone marrow through the vasculature (red) in a process
termed homing, take up residence in the BM, and then undergo self-renewing
cell divisions to produce a larger pool of HSC, and differentiate to generate
more committed progenitors (other cell types indicated). Although cytokines
and growth factors that play a role in HSC differentiation are well known, less
is known of cytokines and signals that support HSC expansion. Along with the
better studied c-Kit–ligand (KL) and, possibly, the ligand for the receptor Flt3
(FL), thrombopoietin (TPO) is now proposed to play an important role in HSC
expansion in the engraftment process.



on HSC proliferation and maintenance
(6). However, the existence of residual
hematopoiesis in these animals indi-
cates that other factors must support
HSC proliferation and differentiation.

One such factor may be throm-
bopoietin (TPO). TPO, the ligand for
Mpl, was cloned now almost a decade
ago as the long-elusive cytokine
responsible for the regulation of
megakaryocyte proliferation and dif-
ferentiation (8). In vitro, TPO increas-
es megakaryocyte proliferation and
differentiation (8). Animals in which
TPO or Mpl is deleted are viable, but
have significantly decreased platelet as
well as megakaryocyte levels (9). Sur-
prisingly, other committed progeni-
tors that do not express Mpl are also
decreased as a result of significant loss
of HSCs (9). Consistent with the
notion that TPO affects HSCs is the
finding that HSCs are almost exclu-
sively Mpl+, and that TPO induces pro-
liferation of primitive progenitors in
vitro and has therefore become an
important factor in ex vivo HSC
expansion schemes (10). Mimicking
what is seen in knock-out animals,
congenital amegakaryocytosis — a
human disease arising from mutation
of the Mpl receptor and characterized
by a significant decrease in platelets
and megakaryocytes — is also associat-
ed with the development of aplastic
anemia (11). Thus, along with KL and
FL, TPO is important for HSC main-
tenance or expansion in vivo. Whether
TPO is responsible for the remaining
hematopoiesis in animals in which
both Flt3-R and c-Kit are mutated has
not yet been tested.

In this issue of the JCI, Fox et al. test-
ed the role of TPO in HSC engraft-
ment (12). They found that 4-fold
more BM cells were needed to re-
establish hematopoiesis in Tpo–/– than
in wild-type mice. Moreover, HSCs
expanded 20-fold less in Tpo–/– mice
than in wild-type controls, when eval-
uated by transplanting BM from pri-
mary Tpo–/– or wild-type recipients
into secondary recipients. Significant-

ly, this loss of HSC expansion in vivo
could be substantially reversed when
Tpo–/– mice were supplemented with
physiologically relevant amounts of
TPO. Thus, like SCF (5), TPO is one of
the cytokines responsible for in vivo
HSC expansion, possibly by enhanc-
ing both HSC proliferation (10) or
HSC survival (13).

The only cytokine commonly used
to date to hasten neutrophil recovery
following transplantation is granulo-
cyte–colony stimulating factor (G-CSF).
However, G-CSF does not affect HSC
proliferation and therefore does not
influence long-term hematopoietic
reconstitution. A similar scenario
might now be envisaged for TPO:
Administration of TPO may enhance
both short-term and long-term he-
matopoietic engraftment in patients
who receive limiting numbers of
HSCs, such as in adult recipients of
cord blood grafts, or in patients who
undergo autologous transplantation.
However, this question still needs to be
addressed directly, as transplants done
in the present study did not use limit-
ing numbers of HSC. In addition,
since the experiments reported here
employed animals with no circulating
TPO — unlike thrombocytopenic
patients, who usually have high levels
of circulating TPO (14) — the effects of
TPO supplementation on HSC expan-
sion are difficult to extrapolate from
the mouse study. However, systemic
administration of G-CSF affects neu-
trophil recovery despite the high levels
of G-CSF levels in myeloablated
patients (15). By analogy, it is possible
that TPO administration even in
patients with high TPO levels will
enhance HSC proliferation or survival
and lead to higher levels of HSC
engraftment. Finally, because of
immune mediated complications of
TPO administration, TPO is currently
not used therapeutically (16). If fur-
ther studies confirm that TPO can
allow transplantation of sub-thera-
peutic doses of HSC in lethally irradi-
ated wild-type recipients, a clinically

suitable source of TPO will need to be
identified for this therapy to become
practically applicable.
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